Chlorophyll is the most abundant photosynthetic pigment in higher plants. During senescence, chlorophyll is hydrolyzed resulting in the release of free phytol and chlorophyllide. Whereas the degradation of chlorophyllide has been studied in depth, the metabolic fate of phytol in plants is less clear. Here, we provide evidence that phytol can be incorporated into chlorophyll, tocopherol and lipid esters by Arabidopsis seedlings. Phytol is phosphorylated to phytyl-phosphate and phytyl-diphosphate by two successive kinase activities associated with chloroplast envelope membranes of Arabidopsis. Whereas phytol kinase is CTP-dependent, the second kinase reaction, phytyl-phosphate kinase, shows broader specificity for CTP, GTP, UTP and ATP. Therefore, in addition to de novo synthesis from geranylgeranyl-diphosphate, phosphorylation of free phytol represents an alternative route for phytyl-diphosphate production as precursor for chloroplast prenyl lipid synthesis. Lipid esters are produced after feeding phytol to Arabidopsis seedlings, and they also accumulate in large amounts in leaves during senescence. The predominant phytol ester accumulating during senescence is hexadecatrienoic acid phytol ester. Fatty acid phytol ester synthesis by protein extracts of Arabidopsis is stimulated in the presence of phytol and acylCoA esters. Thus, Arabidopsis contains a distinct enzymatic machinery for re-directing free phytol released from chlorophyll degradation into chloroplast lipid metabolism.
Isoprenoids represent one of the most diverse classes of naturally occurring compounds. In plants, photosynthetic pigments (i.e. carotenoids and chlorophyll) are derived from isoprenoid biosynthesis. Furthermore, electron carriers of photosynthesis (plastoquinone, phylloquinone) and respiration (ubiquinone) and antioxidants (tocopherol) contain isoprenyl side chains (1) . Two pathways for isoprenoid synthesis exist in higher plants, the mevalonate pathway localized to the cytosol, and the methylerythritol-phosphate pathway (MEP pathway, DOXP pathway) found in plastids (2, 3) . Plastid isoprenoid metabolism largely depends on the methylerythritolphosphate pathway. However, some exchange of isoprenoid units between the plastid and the cytosol seems to occur (4) . Geranylgeranyldiphosphate plays an important role in plastid isoprenoid metabolism because it is the precursor for the synthesis of carotenoids, tocotrienols, chlorophyll and of phytyl-PP. The existence of two pathways for chlorophyll synthesis was suggested; first the direct transfer of a phytyl group onto chlorophyllide from phytol-PP at the envelope membrane, and second the geranylgeranylation of chlorophyllide at the thylakoid membranes (5) . Keller et al. (6) identified an Arabidopsis cDNA encoding geranylgeranyl reductase. This enzyme was proposed to convert geranylgeranyl-diphosphate into phytyl-PP and in addition, to reduce the geranylgeranylated form of chlorophyll to (phytyl-)chlorophyll. A large fraction of phytyl-PP is channeled into chlorophyll synthesis via chlorophyll synthase. Furthermore, two additional prenylquinone lipids in the plastid are derived from phytyl-PP, tocopherol (vitamin E; 7) and phylloquinone (vitamin K; 8) .
Previous studies already suggested that a second, geranylgeranyl-diphosphate independent pathway for phytyl-PP synthesis might be operating in higher plants. Feeding of free phytol to safflower cell cultures resulted in an increase in tocopherol synthesis (9) . During senescence, the ester bond of chlorophyll is cleaved by chlorophyllase resulting in the release of large amounts of chlorophyllide and phytol. The degradation pathway of chlorophyllide has been studied in detail, but the fate of phytol derived from chlorophyll breakdown is less clear (10, 11, 12) . However, the fact that chlorophyll degradation and tocopherol synthesis during senescence coincide in many plants led to the hypothesis that phytol released from chlorophyll by hydrolysis might be channeled into tocopherol synthesis via a salvage pathway (13, 14) . Homogentisate phytyltransferase converts homogentisate and phytyl-PP into 2-methyl-6-phytylbenzoquinol, an intermediate of tocopherol synthesis (7) . Thus, phosphorylation of free phytol is a prerequisite for its incorporation into tocopherol. Soll et al. (15) reported on the phosphorylation of phytol with ATP by stromal protein extracts from spinach chloroplasts. It remained unknown whether ATP represents the preferred phosphate donor for phytol phosphorylation, and it was unclear whether phytyl-PP synthesis is mediated by two successive phosphorylations or in a one step mechanism. In addition to chlorophyll, another class of phytol esters was detected in plants, i.e. fatty acid phytol esters (14, 16, 17) . However, the conditions under which fatty acid phytol esters accumulate, their exact composition and biosynthetic pathway remained unclear.
To address the question of whether plants contain a salvage pathway for phytyl-PP synthesis in addition to de novo synthesis, and to corroborate the hypothesis that phytol released from chlorophyll can enter the tocopherol biosynthetic pathway, radioactive labeling experiments were done with Arabidopsis seedlings and protein extracts. From these experiments it became clear that Arabidopsis contains two enzyme activities for the phosphorylation of phytol and phytyl-P, and that a large fraction of phytol is deposited in the form of fatty acid phytol esters. (19) ; vte2 (= hpt1), deficient in homogentisate phytyl transferase (20) ; vte4 (= tmt1), deficient in γ-tocopherol methyltransferase (21) .
MATERIALS AND METHODS

Plant growth conditions
Preparation of protein extracts -Plant leaves (0.5 g) were homogenized in 1 ml of extraction buffer (100 mM Tris-HCl pH 7.5, 1 mM EDTA, 2.5 mM DTT, 1 mM MgCl 2 , 1 mM isoascorbate, 1 mM KCl, 0.1 % BSA) and filtered through miracloth. A leaf protein extract was centrifuged at 100 000 g for 30 min for the separation into a pellet (membranes) and supernatant fraction (soluble proteins).
Protoplasts for chloroplast isolation were obtained by digesting ca. 20 g of Arabidopsis wild type leaves (22) . Protoplasts were resuspended in breakage buffer (300 mM sorbitol, 20 mM EDTA, 5 mM EGTA, 10 mM NaHCO 3 , 0.1 % BSA) and ruptured by filtration through a 20 µm nylon mesh and chloroplasts resuspended in grinding buffer (50 mM HEPES-KOH, pH 7.3, 0.33 M sorbitol, 0.1 % BSA) (22) . Chloroplasts were isolated by centrifugation on an 80 %/50 % Percoll step gradient for 10 min at 6000 g. The chloroplast band at the interface was harvested, diluted with homogenization buffer and centrifuged at 2 000 g for 5 min. Intact chloroplasts were resuspended in 3 ml of 0.6 M sucrose in TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA) and ruptured by grinding with a glass mortar. After diluting the broken chloroplasts to a concentration of 0.2 M sucrose with TE buffer, the suspension was loaded on a sucrose step gradient (0.45 M/1.0 M sucrose in TE) and centrifuged for 2 h at 180 000 g. While the pellet at the bottom of the gradient mostly contained thylakoids, a fraction enriched in envelopes was harvested from the 0.45 M/1 M sucrose interphase (23) . The envelope and thylakoid fractions were diluted with 0.2 M sucrose in TE, centrifuged at 180 000g for 30 min and the membrane pellets resuspended in extraction buffer (see above). Western analysis of the different subplastidial fractions was done with polyclonal antiserum against the inner chloroplast envelope protein TIC 40 (generously provided by Jürgen Soll, Ludwigs Maximilian University Munich, Germany) according to (24) . 30 °C, the reactions were stopped and lipids were extracted twice with 100 µl each of watersaturated n-butanol, and centrifuged at 20 000 g for 3 min to obtain phase separation. The nbutanol phases were combined and evaporated under nitrogen gas. The samples were dissolved in a small volume of water-saturated n-butanol and loaded on a silica 250-PA TLC plate (Mallinckrodt Baker, Griesheim, Germany). The plate was developed with isopropanol/ammonia (32 %)/H 2 O (6:3:1) (27 Uptake experiments with [1- 3 H]phytol and nonradioactive phytol -Arabidopsis seedlings (50 mg; three weeks old) were incubated in the light for 24 h in incubation buffer (1 ml 20 mM MES pH 6.5, 0.2 % Tween 80) containing 100 pmol of [1- 3 H]phytol. After washing the seedlings three times with incubation buffer, they were frozen in liquid nitrogen and homogenized. Lipids were extracted twice with 1.5 ml of chloroform/ methanol/ 0.9 % aq. NaCl (2:1:1) and centrifuged at 20 000 g for 3 min. Organic phases were combined, evaporated under nitrogen gas and re-dissolved in a small volume of chloroform/methanol (2:1). Lipid extracts were separated by TLC (Silica 250-PA) developed with hexane/diethylether/acetic acid (85:15:1). Radioactive lipids were identified by co-migration with non-radioactive standards. Tritiated chlorophyll a and b was isolated from the silica material of the TLC plate with 1.5 ml of chloroform/ methanol/ 0.9 % aq. NaCl (2:1:1). The organic solvent of one portion of the extracted chlorophyll was evaporated with N 2 gas and chlorophyll hydrolyzed with 0.9 ml 10 % methanolic KOH and 0.1 ml 0.9 % aq. NaCl. Phytol released from chlorophyll was extracted with hexane and re-chromatographed by TLC using the same solvent system (hexane/diethylether/acetic acid, 85:15:1).
Uptake experiments with non-radioactive phytol were done with 500 mg of Arabidopsis seedlings in 20 ml of incubation buffer containing 0.1 % of phytol (mixture of cis/transisomers; Aldrich, 13,991-2, Taufkirchen, Germany). The commercial phytol was shown to contain a mixture of trans and cis isomers in a ratio of about 2:1 (67.5 % trans, 32.5 % cis isomers) by GC of phytol after silylation with MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide). Plants were incubated in the light for 48 h and then further processed as described for [1- 3 H]phytol feeding experiments.
Characterization of fatty acid phytol esters by GC-MS -Total lipids were extracted from
Arabidopsis seedlings incubated with phytol, or from senescing leaves with chloroform/methanol (2:1). Subsequently, non-polar lipids were separated from membrane lipids by chromatography on a silica column (Kieselgel 60, Merck, Darmstadt, Germany) with three volumes of chloroform/methanol (2:1) and lipid esters were isolated by TLC as described for phytol feeding experiments (see above). GC-MS was done using an HP 6890 Gas Chromatograph equipped with a 5973 Inert Mass Selective Detector (Agilent Technologies, Böblingen, Germany). Esters were directly injected onto the GC-MS column (HP-5MS , 0.25 cm x 30 m x 0.25 µm, Agilent). The temperature gradient was: from 140 °C to 330 °C in 38 min, hold at 330 for 5 min, from 330 °C to 140 °C in 9.5 min. Standards of fatty acid phytol esters were synthesized from phytol (mixture of cis/trans isomers, see above) and different fatty acids (15:0, 16:0, 18:1, 18:3, Sigma, Taufkirchen, Germany) as described (28) . Standards of 15:0-phytol and 18:3-phytol were purified by TLC and quantified by GC (Flame Ionization Detector, Agilent) after transmethylation of fatty acid methyl esters using 18:3 or 15:0 as internal standard, respectively. Fatty acid phytol esters were quantified by GC-MS after addition of 18:3-phytol and 15:0-phytol as internal standards using total ion chromatograms. 16:0-phytol which has a retention time very close to 16:3-phytol was quantified using the peak area of the extracted ion chromatogram of m/z 278.3 specific for saturated fatty acid phytol esters.
RESULTS
Phytol is incorporated into chlorophyll, tocopherol and lipid esters by seedlings of
Arabidopsis -Phytyl-PP serves as activated precursor for the biosynthesis of different isoprenoid lipids, including chlorophyll, tocopherol and phylloquinone. Although free phytol is not an intermediate of isoprenoid biosynthesis, it is generated by chlorophyllase during senescence or stress. To study the metabolism of free phytol in plants, Arabidopsis seedlings were incubated with radioactive [1-
3 H]phytol and lipids analyzed by TLC and autoradiography. Fig. 1A shows that a large amount of [1-3 H]phytol was incorporated into chlorophyll, α-tocopherol and a band comigrating with long chain fatty acid alcohol esters. The phytylation of lipids originated from enzymatic reactions present in the seedlings, because it was not observed in seedlings deactivated by boiling prior to incubation. Arabidopsis mutants affected in tocopherol synthesis were employed for feeding experiments to corroborate the hypothesis that [1- 3 H]phytol was incorporated into α-tocopherol. Indeed, no tritiated α-tocopherol was detected in the vte1 and hpt1 mutants deficient in all forms of tocopherol (19, 20) . In the tmt1 mutant deficient in α-tocopherol, a radioactive band comigrating with γ-tocopherol accumulated, in agreement with the previous finding that γ-tocopherol methyltransferase activity is abolished in this plant (21) . To provide evidence that externally added [1] [2] [3] H]phytol was also employed for chlorophyll synthesis, chlorophyll was isolated by TLC after [1- 3 H]phytol feeding of seedlings and hydrolyzed by alkaline treatment. Re-chromatography of the hydrolysis products revealed the presence of tritiated phytol, demonstrating that free [1- 3 H]phytol was incorporated into chlorophyll under these conditions (Fig. 1B) .
Phytol phosphorylation is CTP-dependent and localized to chloroplast envelopesIncorporation of phytyl into lipids depends on activation to phytyl-PP. Therefore, it was important to know whether plants contain enzyme activities capable of converting phytol into phytyl-PP. Incubation of protein extracts from Arabidopsis leaves with [1- 3 H]phytol in the presence of all four nucleotides resulted in the synthesis of phytyl-P and phytyl-PP ( Fig. 2A) . Deactivation by boiling totally abolished phytyl-P and phytyl-PP synthesis, indicating that the phosphorylation reactions were enzymemediated. The conversion of phytol to phytyl-P was strongly stimulated by the addition of nucleotides, indicating that it was catalyzed via a kinase reaction (Fig. 2B) . Incubation of protein extracts with [1- 3 H]phytol and single nucleotides (ATP, GTP, UTP, CTP) revealed that the phytol kinase shows highest activity with CTP, but lower activity with GTP, UTP and ATP. The specific activity for CTP was about 7 times higher as compared to the other three nucleotides (Fig. 2B) . Protein extracts from Arabidopsis leaves were separated into a soluble and insoluble fraction by centrifugation. Enzyme assays with [1- 3 H]phytol and all four NTPs revealed that the specific activity for phytol kinase was very high in the insoluble fraction, and most of the total measurable phytol kinase activity of whole leaves localized to the insoluble material (Table I) .
Chloroplasts were isolated from protoplasts derived from Arabidopsis leaves and further separated into an envelope and a thylakoid-rich fraction. Western blotting revealed that the inner envelope protein TIC40 was highly enriched in the envelope fraction, but that thylakoids still contained residual amounts of envelope proteins (Fig. 2C ). Enyzme assays done with different chloroplast fractions showed that phytol kinase activity was highly abundant in the envelope fraction (Fig. 2 D) . The activities for phytol kinase and phytol-P kinase were at least 10 fold higher as compared to thylakoids. Therefore, the enzymes responsible for phytol phosphorylation presumably are localized to chloroplasts, most likely to the envelope membrane fraction.
Phytol is converted to phytyl-PP by two successive kinase reactions -A possible pathway for phytyl-PP synthesis is the transfer of a diphosphate group from CTP onto phytol in a one-step process. Such a pyrophosphorylation reaction would depend on only one enzymatic activity. In this scenario, the occurrence of phytol-P in radioactive labeling experiments as observed in Fig. 2 might be derived from dephosphorylation of phytyl-PP by a phosphatase, and thus might represent a sidereaction of this pathway. Alternatively, the synthesis of phytyl-PP might be mediated by two successive kinase reactions. To distinguish between these two possibilities, radioactive [γ-32 P]CTP was synthesized from [γ-
32 P]ATP, and subsequently employed for phosphorylation assays of phytol with a plant protein extract. Autoradiography of lipids separated by TLC showed that a large amount of radioactivity from [γ-32 P]CTP was incorporated into phytyl-P, and a smaller amount into phytyl-PP (Fig. 3) . The radioactive labeling of phytyl-P with γ-phosphate of [γ-
32 P]CTP cannot be explained by a one-step transfer of a diphosphate group and subsequent dephosphorylation, because this would lead to the loss of the radioactive phosphate group, but is consistent with a two-step mechanism of phytyl-P and phytyl-PP production. These results are analogous to the phosphorylation pattern observed for farnesol in tobacco cell cultures (26) .
A large amount of [ 32 P]phytol-P was produced and isolated for kinase assays after incubation of phytol and [γ-
32 P]CTP with a plant protein extract. To study the nucleotide specificity of the phytyl-P kinase reaction, plant extracts were incubated with [
32 P]phytol-P and different nucleotides. Addition of all four nucleotides resulted in the stimulation of phytyl-PP synthesis, indicating that this reaction is NTPdependent (Fig. 4) . However, phytyl-P phosphorylation was similar when the four nucleotides were used in single reactions, suggesting that the phytyl-P kinase has broad nucleotide specificity. The phytyl-P kinase activity was highest with GTP, but the activities with the other three nucleotides (UTP, CTP, ATP) were only slightly lower. Phytyl-PP synthesis in the absence of nucleotides still amounted to 39 % as compared to assays done in the presence of all four nucleotides. Presumably, protein extracts still contained considerable amounts of NTPs, in particular ATP.
Phytyl-P kinase assays with [ 32 P]phytol-P and all four NTPs were done with a soluble and insoluble protein extract isolated from Arabidopsis leaves. The specific phytyl-P kinase activity of the insoluble fraction was higher as compared to whole leaf extracts (Table I) . Furthermore, a large amount of total phytyl-P kinase activity was associated with the pellet fraction. This suggests that the protein responsible for the second phosphorylation step is poorly soluble or associated with membranes. Phosphorylation assays of chloroplast fractions with [1- 3 H]phytol showed that similar to phytol kinase, a high activity for phytyl-P kinase was detected in chloroplast envelope membranes (Fig. 2C, D) .
Phytol is incorporated into fatty acid phytol esters in seedlings of Arabidopsis -Radioactive [1-
3 H]phytol is taken up by Arabidopsis seedlings and incorporated into different lipids, including a lipid co-migrating with long chain fatty acid alcohol esters (Fig. 1) . Therefore, lipid esters accumulating after [1- 3 H]phytol feeding were tentatively identified as fatty acid phytol esters. For unambiguous characterization, lipid esters extracted from Arabidopsis seedlings were isolated by TLC and analyzed by GC-MS. The retention times and spectra of candidate peaks were compared to synthetic standards (16:0-phytol, 18:1-phytol, 18:3-phytol). However, in the GS-MS chromatogram of control Arabidopsis seedlings, the peaks co-migrating with fatty acid phytol ester standards were very small (Fig 5A, bottom chromatogram) . Arabidopsis seedlings were incubated with nonradioactive phytol and lipid esters analyzed by TLC and GC-MS (Fig. 5A, top chromatogram) . High amounts of fatty acid phytol esters accumulated after phytol feeding which comigrated and showed the same mass spectra as the respective standards (Fig. 5) . Phytyl esters of the same fatty acid eluted as two peaks with nearly identical spectra. This can be explained by the fact that phytol employed for feeding experiments was composed of an isomeric trans/cis mixture. The ratio of about 2:1 for the naturally occurring trans form to cis-phytol is reflected in the larger peak sizes of the respective trans-phytol esters which eluted with a later retention time (Fig. 5) . The most abundant acyl groups in fatty acid phytol esters were 16:0 and 18:1 followed by 16:3, 18:3, 14:0 and 12:0 (Fig.  5) .
Fatty acid phytol esters accumulate in senescing
Arabidopsis leaves -Fatty acid phytol esters were absent from Arabidopsis plants raised under optimal conditions, and could only be detected in large amounts after feeding free phytol. To demonstrate that fatty acid phytol esters represent naturally occurring components of Arabidopsis, the lipid ester composition of senescing leaves was analyzed by GC-MS. Thus, a variety of fatty acid phytol esters was found, the predominant form being hexadecatrienoic acid (16:3) phytol ester (Fig. 6 ). Additional phytol esters were detected containing 10:0, 12:0, 14:0 and 16:0 acyl groups. 16:0-phytol which is represented by a shoulder of the large 16:3-phytol peak in the total ion chromatogram ( Fig. 2 ). De-activation by boiling resulted in complete loss of phytol esterification activity, indicating that it was enzyme-mediated. This suggests that phytol ester synthesis in whole leaf protein extracts proceeds via acylation of free phytol with activated fatty acids.
DISCUSSION
The composition of photosynthetic complexes and therefore, the amount of chlorophyll, are subject to constant turnover processes due to changes in light conditions, stress and leaf age. Whereas the breakdown of the chlorophyll "headgroup", chlorophyllide, has been studied in detail (11, 12) , not much is known about the metabolic fate of phytol released during chlorophyll hydrolysis. Chlorophyll is the most abundant photosynthetic pigment in plants, and it amounts to about 1300 nmol g -1 FW (equivalent to 1200 µg g -1 FW) in Arabidopsis leaves. During senescence, a large fraction of chlorophyll is broken down, giving rise to the accumulation of high amounts of free phytol. During abiotic stress (15 days at high light), about 50 % of chlorophyll is degraded (29) . Feeding experiments of Arabidopsis seedlings with radioactive phytol showed that besides chlorophyll, free phytol is incorporated into tocopherol and lipid esters (Fig. 8) . The amount of phylloquinone, another product of phytol-PPdependent biosynthesis, in Arabidopsis leaves is low (about 8 nmol g -1 FW) (8) . Given the fact that photosynthetic complexes are dissembled during senescence, it is unlikely that a large amount of phytol released from chlorophyll is incorporated into phylloquinone. Nevertheless, phylloquinone was tentatively identified as a minor product migrating close to the lipid ester band in TLC after feeding of [1- 3 H]phytol to Arabidopsis seedlings (Fig. 1) .
The amount of total tocopherol in Arabidopsis leaves was reported to be between 10 and 20 nmol g -1 FW, and it increases several fold during abiotic stress (7, 13, 19, 29) . However, phytol is not a direct precursor for tocopherol synthesis, and thus, it was not possible to link chlorophyll degradation and tocopherol accumulation in senescing leaves. In this study, we demonstrate that free phytol is phosphorylated to phytyl-P and phytyl-PP via a two step mechanism in Arabidopsis leaves (Fig.  8) . The two kinase activities were localized to chloroplast envelope membranes. Thus, phytol released from chlorophyll by action of chlorophyllase in the envelope membranes (11, 12) can be readily converted to phytol-PP by the two kinase activities. Furthermore, two of the phytol-PP dependent reactions of tocopherol synthesis (homogentisate phytyltransferase) and phylloquinone synthesis (1,4-dihydroxy-2-naphthoate phytyltransferase) have been localized to chloroplast envelope membranes (7, 30) .
During de novo isoprenoid synthesis, isoprene units are condensed resulting in the synthesis of isoprenoid alcohol-diphosphates of 10, 15, 20 or more carbon atoms (1). Thus, isoprenoid alcohols usually occur in the activated diphosphate form and can directly be employed for prenylation reactions (Fig. 8) . Salvage pathways for the re-activation of free isoprenoid alcohols have been identified previously. Phosphorylation of free isoprenoid alcohols was described for farnesol in bacteria (31), rat (32, 33) and in tobacco cell cultures (26) . Geranylgeraniol kinase and geranylgeranylphosphate kinase activities were detected in the Archaebacterium Sulfolobus and tobacco (26, 27) . The phosphorylation of farnesol by tobacco cells is mediated by sequential transfer of γ-phosphate from nucleotides with CTP being the preferred phosphate donor (26) . Furthermore, dolichyl-phosphate involved in protein glycosylation is synthesized from dolichol and CTP by dolichol kinase which is encoded by the SEC59 gene in yeast (34) .
Previously, it was shown that protein extracts from spinach chloroplasts are capable of channeling phytyl-PP or phytol in the presence of ATP into tocopherol synthesis (15) . The present study shows that the phytol kinase is CTP-dependent. Phytyl-P kinase showed broad substrate specificity for CTP, GTP, ATP and UTP. The differences in substrate specificity could be taken as an indication that phytol kinase and phytyl-P kinase activities might be associated with distinct polypeptides.
Recently, Valentin and Qi (35) indicated the identification of an Arabidopsis gene (VTE5) encoding an enzyme with phytol kinase activity. In their review on tocopherol synthesis, the authors point out that the phytol kinase VTE5 preferentially employs CTP for phytol phosphorylation and that a second kinase might exist for subsequent phytol-PP synthesis. Interestingly, the corresponding Arabidopsis mutant, vte5, showed a strong reduction in seed tocopherol content, indicating a close link between free phytol metabolism and tocopherol accumulation. These results are in good agreement with the labeling studies obtained with chloroplast fractions (Fig. 2, 3 and 4) .
The fact that the amount of phytol bound to chlorophyll by far exceeds the amount of tocopherol synthesized during stress or senescence (see above), suggests that a large fraction of phytol produced during chlorophyll turnover is channeled into alternative metabolic pathways. High amounts of lipid esters accumulate during senescence (36) , and the presence of phytol in this ester fraction was demonstrated (14, 16, 28) . GC-MS analysis of the lipid ester fraction obtained in senescing Arabidopsis leaves (Fig. 6) showed that it contains high amounts of fatty acid phytol esters, in particular 16:3-phytol. The amount of 16:3-phytol amounted to 360 nmol g -1 FW in senescing leaves, suggesting that a predominant fraction of phytol released from chlorophyll is channeled into fatty acid phytol ester synthesis.
Previously, phytol esters were found in bacteria, dinoflagellates, chlorophytes, mosses, grasses, pea and some Amazonian plant species (28, 37, 38, 39, 40, 41) . Furthermore, phytol esters were detected in the chilling sensitive 1 mutant (chs1) of Arabidopsis after exposure to 14 °C (17) . The amount of fatty acid phytol esters is very low in wild type Arabidopsis leaves grown under optimal conditions (17, Fig. 5) . However, after feeding exogenous phytol to seedlings, or in senescing leaves when phytol is released from chlorophyll degradation, large amounts of phytol esters accumulate. Addition of 16:0-CoA or 18:1-CoA and phytol to leaf protein extracts stimulated phytol ester synthesis (Fig.  7) . Therefore, the synthesis of phytol esters in whole leaf extracts can be mediated via an acyltransferase reaction. The phytol ester formation might be catalyzed by acytransferases at the ER (e.g., wax ester synthases; 42, 43) or in chloroplasts. The fact that 16:3 is a highly abundant fatty acid in the chloroplast galactolipid monogalactosyldiacylglycerol (MGDG) suggests that fatty acid phytol esters localize to the chloroplasts. Thus, galactolipid breakdown and chlorophyll degradation seem to be co-regulated during senescence. The accumulation of saturated fatty acids (10:0, 12:0, 14:0, 16:0) in the phytol ester pool (Fig. 5, 6 ) suggests that these acyl groups could be directly derived from fatty acid de novo synthesis in chloroplasts. These acyl groups are intermediates of plastidial fatty acid synthesis and as such are bound to acyl carrier protein (ACP).
Not much is known about the degradation of phytol in plant tissues (Fig. 8) . It is possible that phytol is oxidized to the respective aldehyde, phytenal, which subsequently might be converted to phytenic acid and finally to phytanic acid, as was shown for the degradation of phytol in animals (44) . In this regard, it is interesting to note that after incubation of Arabidopsis seedlings or leaf protein with [1- 3 H]phytol, radiolabeled compounds were produced that were similar in retention behavior to long chain aldehydes ( Fig.  1; Fig. 7 ). Given the fact that the oxidation of [1-3 H] phytol to phytanic acid would result in the loss of radioactivity at the carboxyl carbon and thus would be invisible in radio-TLC, it is tempting to speculate that the unknown radioactive bands observed in Fig. 1 or Fig. 7 represent intermediates of phytol degradation, possibly phytenal.
These results clearly demonstrate that free phytol can be converted into phytyl-P and phytyl-PP and subsequently employed for tocopherol synthesis, or directly esterified with fatty acids derived from activated acyl groups. Although the molecular basis for most of the steps of phytol metabolism remains unclear, the results presented here clearly demonstrate that Arabidopsis contains specific pathways for the re-direction of phytol into chloroplast lipid metabolism. 1 The abbreviations used are: MGDG, monogalactosyldiacylglycerol; phytyl-P, phytyl-phosphate; phytyl-PP, phytyl-diphosphate. 32 P]phytol-P derived from a large scale phytol kinase reaction as described in Fig. 3 . Lipids were extracted, separated via TLC and exposed to Phosphoimaging screens. The numbers below the phytyl-PP band indicate enzyme activities (mean and SD of triplicate experiment) with the activity including all four nucleotides set to 100 %. 
FIG. 8. Phytol metabolism in Arabidopsis.
A, Phytyl-PP can be synthesized de novo via the mevalonate or methyl-erythritol-phosphate pathway. Subsequently, phytyl-PP is the substrate for the synthesis of chlorophyll, phylloquinone and tocopherol. B, Phytol released from chlorophyll by chlorophyllase can be phosphorylated by two sequential kinase reactions. Furthermore, free phytol may be degraded or acylated resulting in the production of fatty acid phytol esters.
TABLE I
Subcellular localization of phytol kinase and phytyl-P kinase activities in Arabidopsis
Phytol kinase and phytyl-P kinase activities were measured with [1- 3 H]phytol in protein extracts from whole Arabidopsis leaves and 100 000 g pellets (insoluble) and supernatants (soluble protein). Data represent means and SD of three measurements. The results are presented as specific enzyme activities and in per cent of whole leaf activity, taking into account total protein distribution between the pellet (40 %) and soluble (60) fractions.
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